Abstract: Smart hydrogels are inherently biocompatible hydrophilic three-dimensional polymer networks able to undergo a volume-phase transition in the presence of an analyte. By molecular imprinting and/or aptamer-based approaches they can be tailored for a wide range of analytes with high selectivity. In combination with the biocompatibility, this makes hydrogels very promising candidates for biomedical sensor applications. However, to date hydrogels are rarely used for that purpose as the reliable detection of their swelling state remains a challenge. Here we report on a newly developed biocompatible bending sensor platform which can be equipped with almost any smart hydrogel, thereby paving the way for biomedical applications.
Introduction
The creation of a biomedical sensor device requires the ability to reliably detect very small quantities of a target analyte as well as biocompatibility, long-term stability, robustness in an in-vivo environment and the possibility of sterilization. While this is by far not a complete list of requirements, it already illustrates the challenge for biomedical sensor development.
A very promising approach for specific analyte detection are certain polymers, so called smart hydrogels. These are hydrophilic three-dimensional polymer networks and due to their high water content (≥90%) and mechanical properties similar to tissue, they are inherently biocompatible [1] . A smart hydrogel reacts to an external parameter, e.g., temperature, pH, ion (charge) concentration change, by a volume-phase-transition, resulting in a change in the volume and stiffness of the polymer [2] . Additionally, the smart hydrogel's fabrication process can include molecular imprinting techniques and/or the incorporation of additional functional groups into the polymer network, in order to bind a desired analyte with very high selectivity [3, 4] . Thus, their biocompatibility and versatility make them very interesting candidates for biosensing.
However, the challenge lies in the reliable detection of the hydrogel's swelling state. Any sensor device should be as biocompatible as the hydrogel itself and it should be sensitive to smallest changes of the hydrogel's swelling state. Ideally, the detection concept is not limited to one specific analyte or hydrogel but merely constitutes a sensor platform that can then be employed for any type of smart hydrogel. Various hydrogel-based sensing approaches have been reported, including the use of fluorescence [5] , magnetic nanoparticles [6] , silicon pressure sensors [7] and cantilevered structures which bend due to the hydrogel's volume change [8] . The main challenges of these approaches are often a limitation to a specific analyte (e.g., in case of fluorescence) which restricts the versatility, or issues with biocompatibility (e.g., in case of silicon pressure sensors or magnetic particles).
Here we report on a recent development of a biomedical sensing platform which addresses the aforementioned challenges and is compatible with different hydrogels for a variety of analytes and not limited to one specific biomarker or molecule. We describe the design and first measurements of such a platform which is based on a mechanical thin film polymer bending sensor with electrical readout.
Bending Sensor Concept
The sensor platform comprises a sensing structure and a smart hydrogel. The sensing structure is created by a polyimide thin film (few µm thickness), which acts as substrate for fabrication, and biocompatible encapsulation material, and that contains an embedded metallic lead pattern (200 nm thickness). In order to add analyte sensitivity, a smart hydrogel is deposited in micro strips on one side of the polymer substrate by an adhesion promoting process [9] . Hydrogel expansion or contraction bends the sensing structure, thereby altering the electrical impedance of the embedded metallic leads on deformation (Figure 1 ). Given a suitable calibration procedure, this change in impedance can be related to the analyte concentration. Currently, the impedance change is measured cable-based with a network analyzer. However, this is only an intermediate step as the sensor design creates the opportunity of incorporating it into a wireless readout scheme. The sensing principle is independent of the specific type of smart hydrogel used because it is only based on the mechanical deformation induced in the polymer-metal sandwich. This universality in terms of the target analyte in combination with the biocompatible materials and the potential for miniaturization and wireless readout are a considerable advantage of the concept compared to other approaches [2, 5, 6 ,10] for a wearable or implantable biomedical hydrogel sensor.
Furthermore, our concept features geometric flexibility (a wide variety of form factors can easily be fabricated) and low manufacturing costs. In comparison to the previously published pressure sensor approach [10] , the hydrogels employed on the polyimide sensing part are much thinner (tens vs. hundreds of µm), accelerating diffusion and, consequently, reducing sensor response time (seconds vs. minutes/hours), making the device fast enough for real-time monitoring of biomarker and drug levels in blood.
Results and Discussion

Experimental Results
In order to evaluate the sensor concept, test devices were fabricated (Figure 2a ) with a 200 µm thick acrylamide-based smart hydrogel [9] and tested for ionic strength response. The fabrication process involves standard microfabrication steps such as deep-reactive ion etching (DRIE) and sputter deposition of metal.
For evaluation of sensor response, the change of the reflected amplitude (S11 parameter) at one of the sensor's initial resonance frequencies has been measured over time (Figure 2b ) by alternating the solution between de-ionized water (DIW) and 1X phosphate-buffered saline (PBS) solution. In the post processing steps, the data was corrected for the offset induced by exchanging the liquid. This was done by averaging the last ten data points for each solution (when the sensor reached equilibrium) and then calculating the difference between this average value and the first data point of the next step. This gives an offset which is subtracted from all following data points.
We observed a clear sensor response almost immediately and within five minutes equilibrium is reached, thus demonstrating the functionality of the sensor concept. 
Sensor Design
Challenges which need to be addressed during further sensor development include optimization of the sensing structure for different smart hydrogels. Depending on the target analyte and the composition, the smart hydrogel's volume change differs, and, consequently, the force it can exert onto the bending structure varies. Therefore, it is crucial to adapt the bending stiffness of the sensing structure for these different hydrogels. In order to gain insight in the basic working principles of the sensing structure, finite element simulations are used to optimize the bending geometry for specific smart hydrogel composition and to study the dependencies and variables, e.g., shape of the sensing structure, polymer substrate thickness in relation to the hydrogel thickness and dimensions and geometry of the metal layer structure.
Conclusions and Outlook
We developed a new biocompatible sensor platform based on smart hydrogels and a flexible polymer film for biomedical applications. We fabricated the first sensor devices and measured their response to changes in the ionic concentration of a liquid. These first proof-of-principle experiments demonstrate the viability and potential of our approach and are the basis for further development.
Future experimental steps include sensor testing with smart hydrogels sensitive to different analytes (e.g., glucose, thrombin) and optimization of the incorporated lead structure as that mainly defines the sensor's signal in response to bending. We are furthermore working on devices with varying form factors for a catheter application. In this concept, the polyimide structure is integrated into a standard catheter and due to its small dimensions it only fills 2-3% of the inner lumen of the sheath. Therefore, the catheter can be used as before, i.e., neither significant changes in clinical procedures nor additional punctures for the patient are necessary. The benefit of this sensor is that it will allow monitoring of bioanalyte levels directly in blood and almost in real-time which gives the clinician more information about the current status of a patient and could help prevent deaths, e.g., due to inadequate dosage of anesthesia. 
